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quantum cascade laser is formed that comprises both a 
relatively thin dielectric insulating layer (i.e., less than 
one -ha If micron in thickness) overlaid with an optically 
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mode-locking is obtained from the measured optical spectra 
and corresponding interferograms, as well as from the rf 
spectra of the photocurrent detected with a fast quantum- 
well infrared photodetector. An estimate for the pulse width 
of approximately 3 psec is inferred from these data. 
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SELF-MODE-LOCKING QUANTUM 
CASCADE LASER 

GOVERNMENT CONTRACTS 

This invention was made in part with Government support 
under Contract No. DAAG55-98-C-0050, awarded by the 
DARPA/US Army Research Office. The Government has 
certain rights in this invention. 

FIELD OF THE INVENTION 

The present invention relates to a quantum cascade laser 
and, more particularly, to a quantum cascade laser structure 
that is capable of self-mode-locking behavior in the mid- 
infrared wavelength range. 

BACKGROUND OF THE INVENTION 

Over the past few decades, there has been an extensive 
research effort focused on the development of "ultrafast" 
laser sources, that is, sources capable of generating optical 
pulses with durations ranging from a few picoseconds down* 
into the femtosecond range. Some of these ultrashort pulses 
have been generated in a variety of gas and solid-state laser 
media. These sources have allowed for a dramatic improve- 
ment in the temporal resolution of a myriad of measure- 
ments in physics, chemistry and biology. 'Hie need for 
increased bandwidth in optical communications is another 
factor influencing the design and development of ultra fast 
laser sources. Ultrafast semiconductor lasers are particularly 
important for telecommunications applications, given their 
compact size, high efficiency, low cost and unmatched pulse 
repetition rates (up to a few hundred of GHz). 

The most commonly used approach to the generation of 
ultrashort laser pulses is the technique of mode-locking. In 
general terms, mode -locking results from a periodic modu- 
lation of the laser gain with the fundamental period equal to 
the cavity roundtrip time. Under these conditions, maximum 
gain is experienced by a laser beam consisting of a train of 
pulses, separated by the roundtrip time, and properly syn- 
chronized with the modulation. An optical waveform with 
these characteristics is established through the coherent 
addition of several longitudinal modes of the laser cavity, 
when the modes are phase-locked to one another. The 
characteristics of such a device arc often described in the 
frequency domain. In this description, when the laser is 
modulated at the cavity roundtrip frequency (i.e., the fre- 
quency separation between adjacent modes), several modes 
are driven above threshold by the modulation sidebands of 
their neighbors, which automatically establishes the phase- 
locking required for pulsed laser emission. 

In general, the modulation responsible for mode-locking 
may be produced by an external source (defined as "active" 
mode-locking), or by the laser pulses themselves through 
some intracavity optical nonlinearity (defined as "passive", 
or "self mode-locking). Typically, the shortest pulse dura- 
tions and the largest repetition rates can be obtained with 
sclf-mode -locking (SML) and several techniques of SML 
have been demonstrated over the past few years. In each 
case, a nonlinear mechanism is required that reduces the 
losses with an increasing optical power. One exemplary 
arrangement is an intracavity saturable absorber; that is, an 
absorber whose opacity at the laser wavelength decreases 
with increasing intensity. Alternatively, a nonlinear mirror or 
a nonlinear coupled-cavily (with larger reflectivity at higher 
power levels) may be used. Another effective mechanism, 
discovered in association with Ti: sapphire lasers, is self- 
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focusing or Kerr- le rising, which requires an intracavity 
medium with a positive nonlinear refractive index. That is, 
a refractive index that increases with increasing intensity. In 
such a medium with a positive nonlinear refractive index,' 

5 the center part of the beam transverse profile (where the 
intensity is higher) experiences a larger index, and is there- 
fore slowed down in its propagation relative to the edges. 
Thus, the nonlinear medium acts as a positive lens narrow- 
ing the beam diameter, to an extent proportional to the 

10 optical power; this effect can then be converted into a 
saturable loss mechanism simply by using an intracavity slit 
or aperture. 

Regardless of the nature of the nonlinear mechanism, it is 
essential that the loss recovers from saturation on an 

15 "ultrafast" time scale, in particular, on a time scale that is 
much faster than the cavity roundtrip time. In other words, 
after the passing of each pulse, the losses must quickly 
return to their steady-state (relatively high) value before the 
arrival of the next pulse, so as to prevent light emissions 

20 between consecutive pulses. The relaxation lifetime of the 
SML nonlinearity also limits the resulting optical pulse 
widths. For these and other reasons, all prior art demonstra- 
tions of self-mode-locking having relied upon an ultrafast 
nonlinearity, either provided by an external medium added 

25 inside the cavity, or by a non resonant transition in the laser 
host medium. 

In principle, an "intrinsic" nonlinear refractive index is 
present in any laser medium, provided by the lasing transi- 
tion itself and related to the gain coefficient through a 

30 Kramers-Kronig transformation. This is a resonant 
nonlinearity, and therefore inherently large, so that one may 
expect that, combined with the appropriate cavity configu- 
ration (e.g., a coupled-cavity system, or an intracavity 
aperture), a laser medium with a sufficiently large intrinsic 

35 nonlinear refractive index could be used to provide a self- 
mode-locking laser. However, since such nonlinearity 
involves a real population transfer across the lasing 
transition, its dynamic response is limited by the lifetime of 
. the upper laser state. In mode-locked lasers developed to 

40 date, this lifetime is much slower than (or comparable to) the 
cavity roundtrip time, and therefore fails to satisfy the 
above-mentioned requirements for SML. 

In general, therefore, mode-locked lasers of the prior art 
have been limited to an "extrinsic" structure, requiring the 

45 use of an externally added non-linearity, or loss "discrimi- 
nator" to provide the mode locking capability. The use of 
one or more external components increases both the cost and 
complexity of the mode-locked laser system. 

Thus, a need remains in the art for an intrinsic self- 

50 starting/self-sustaining mode-locked semiconductor laser 
arrangement, i.e., a laser system where the laser transition 
itself provides the nonlinear component of the mode-locking 
mechanism. 

55 SUMMARY OF THE INVENTION 

The need remaining in the prior art is addressed by the 
present invention, which relates to a self-mode locking laser 
and, more particularly, to a quantum cascade laser structure 
that is capable of self-mode -locking behavior in the mid- 
60 infrared wavelength range. 

In accordance with the present invention, quantum cas- 
cade lasers characterized by intersubband transitions having 
large index nonlinearities (due to their extremely large 
dipole moments) are used to generate picoseconds pulses of 
65 mid -infrared light. In particular, Kerr- lens mode -locking of 
a QC laser is provided by the index nonlinearity of the 
intersubband lasing transition. 



03/21/2004, EAST Version: 1.4.1 



US 6,563, 

3 

The intracavity aperture required to convert the QC 
self-focusing mechanism into a loss modulation is provided 
by a QC laser waveguide that is characterized by: (1) an 
optically highly lossy (i.e., absorbing) layer (such as a metal, 
for example), separated from the semiconductor material by 5 
a relatively thin dielectric layer such that it "sees" (i.e., 
optically interacts with) the optical wave formed in the 
active region; and (2) a relatively long laser waveguide 
(such that the propagation losses dominate over other losses, 
such as mirror losses). In one embodiment, the highly lossy 10 
layer used for mode coupling can comprise a metal and be 
disposed to also form one of the electrical contacts for the 
laser device. 

Various attributes of the present invention will become 
apparent during the course of the following discussion and 15 
by reference to the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Referring now to the drawings, 2 o 

FIG. 1 is an isometric view of an exemplary SML QC 
laser of the present invention; ■ 

FIG. 2 illustrates an alternative SML QC laser structure, 
utilizing separate metal layers for the mode coupling and the 
electrical contact; 25 

FIG. 3 contains a schematic energy diagram for the 
operation of a conventional quantum cascade (QC) laser; 

FIG. 4 illustrates the refractive index profile and resulting 
intensity distribution of the fundamental waveguide mode 
along the transverse direction (i.e., perpendicular to the 
active layer) for the SML QC lasers of FIG. 1 or 2; 

FIG. 5 illustrates the refractive index profile and resulting 
intensity distribution of the fundamental waveguide mode 
along the lateral direction (i.e., parallel to the active layer) ^ 5 
for the SML QC laser of FIG. 1; 

FIG. 6 contains a graph of the optical spectra of an 
exemplary SML QC laser of the present invention for 
different values of laser dc bias current; 

FIGS. 7A and 7B illustrate linear autocorrelation traces 40 
under conditions of SML for an exemplary 8 /urn device 
(FIG. 7 A) and an exemplary 5 urn device (FIG. 7B); 

FIG. 8 contains a plot of both dL/dl and optical power, as 
a function of bias current, for an SML QC laser of the 
present invention; and 45 

FIG. 9 illustrates the nonlinear refractive index n 2 of the 
lasing intersubband transition, computed used the parameter 
values of the SML QC laser associated with the graphs of 
FIG. 6. 

DETAILED DESCRIPTION 

An isometric view of an exemplary QC laser 10 capable . 
of self-mode-locked (SML) operation is illustrated in FIG. I . 
QC laser 10 comprises an active region 14 sandwiched 55 
between an upper cladding region 16 and a lower cladding 
region 12. At least upper cladding region 16 and active 
region 14 have the shape of an elongated mesa typical of 
ridge waveguide laser structures. An electrical insulating 
layer 18 (for example, silicon nitride or silicon dioxide) is 60 
formed over the top of the device and is patterned to form 
an opening which exposes a portion of the top of the mesa. 
Atop side metal contact 20 is formed to coat insulating layer 
18, as well as to cover the exposed portion of upper cladding 
region 16. A second electrode 22 is formed across the bottom 65 
surface of substrate 11. Substrate 11 itself may be a single 
crystal semiconductor body or a combination of such a body 
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with another layer (e.g., an epitaxial layer grown on the top 
surface of the body). Illustratively, layers of this type are 
fabricated from Group III— V compound semiconductors; 
e.g., In-based Group III— V compounds such as GalnAs and 
AlInAs. Here, the laser beam is primarily confined by the 
cladding regions 12,16 immediately surrounding active 
region 14. In particular, a strong confinement of the beam 
can be achieved by forming cladding regions 12,16 such that 
they have a first high-refractive index layer (such as low 
doped InGaAs) adjacent to active region 14, followed by a 
second low-refractive index material layer (such as InAlAs 
or InP) As a result, the confinement does not depend 
critically on the index of the gain medium, so that no 
significant self-focusing, is expected in this direction. 

In accordance with the teachings of the present invention, 
two conditions are required in the QC laser structure to 
provide for self-mode locking. First, insulating layer 18 
must be relatively thin (e.g., a thickness, denoted t, of less 
than 0.5 //.m). The relatively thin layer is required for the 
optical wave within active region 14 to "see" (i.e., optically 
interact with) metal layer 20, thus providing mode coupling 
to metal layer 20. However, insulating layer 18 must not be 
so thin so as to allow for a direct electrical path to be formed 
between metal layer 20 and active region 14 (that is, 
insulating layer 18 must be thick enough to prevent the 
formation of an electrical short in the device). Second, the 
extent of the waveguide ridge, denoted "L" in FIG. 1, is 
required to be relatively long (for example, ^3.5 mm), so 
that propagation losses will dominate over mirror losses. It 
has been found, as will be discussed in detail below, that the 
combination of these two characteristics leads to self-mode 
locking in QC lasers. 

An alternative embodiment 30 of the present invention is 
illustrated in FIG. 2, where in this arrangement, a separate 
top electrical contact 32 and highly optically lossy sidewall 
layers 34,36 are used. Sidewall layers 34,36 are disposed as 
shown to cover thin insulating layer 18 in the region of 
interest surrounding active region 14, Top electrical contact 
32 is disposed in the opening created in insulating layer 18 
and provides for the direct electrical contact to upper clad- 
ding layer 16. In general, since these layers perform different 
functions, they may comprise different thicknesses, or even 
different compositions. For the purposes of the present 
invention, the layers of concern are sidewall layers 34,36 
which are required to provide mode coupling to the optical 
wave within active region 14. As with the arrangement of 
FIG. 1, the thickness t of insulating layer 18 must be 
well-controlled such that mode coupling will occur, and the 
length of the waveguide must by sufficient to insure that 
self-mode -locking will take place. It is to be noted that in the 
particular situation where the highly lossy sidewall layers 
are themselves electrically insulating, a separate insulator 18 
will not be required and that aspect incorporated directly 
into the lossy sidewall layers. 

In one arrangement highly optically lossy sidewall layers 
34,36 may comprise metal layers (such as gold, for 
example), and may even comprise the same material as top 
contact 32 and deposited on the sidewalls during the same 
processing step. In general, however, highly optically lossy 
layers 34,36 may comprise any suitable (i.e., lossy or 
absorbing) material. That is, any material capable of pro- 
viding sufficient mode coupling in the lateral direction and 
loss for the light guided in the waveguide. For example, 
several polymeric substances (such as polyimide) are gen- 
erally known to exhibit a strong resonant absorption in the 
mid-infrared wavelength range. 

As is known in the art, QC lasers consist of several 
(usually between 25 and 30) repeat units of radiative tran- 
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sition regions, (termed "active region" in FIG. 3) and 
injector regions such as illustrated in FIG. 3, stacked in 
series in a cascade configuration to form active region 14. In 
most cases, the laser material is grown by molecular beam 
epitaxy in a InGaAs/AlInAs material system that is lattice- 5 
matched to a low-doped InP substrate (such as substrate 11). 
It is then processed by wet chemical etching into the mesa 
structure as shown in FIGS. 1 and 2. As has become well 
known, QC laser action is based on intersubband electron 
transitions, i.e., transitions between quantized conduction- 10 
band states in coupled quantum-wells. A distinctive feature 
of these transitions is their ultrafast relaxation times, typi- 
cally a few picoseconds, which is at least two orders of 
magnitude faster than in all other laser systems. The elec- 
tronic band structure of a conventional QC laser active 15 
region (i.e. radiative transition region) is illustrated in FIG. 
3. Essentially, it comprises a three-level system, where 
carriers arc injected into the upper state (labeled "3" in FIG. 
3) by tunneling through a thin heterostructure barrier, and 
extracted from the lower laser state (labeled "2") by LO 2 o 
phono n- assisted scattering into state 1. The key feature in 
the context of the present invention is that phonon emission 
is also extremely effective in depopulating upper state 3, 
thereby resulting in picoseconds carrier lifetimes (much 
shorter than the typical roundtrip times in QC lasers, which 2 s 
are on the order of several lens of picoseconds). 

Furthermore, intersubband transitions are characterized 
by giant index nonlinearities, due to their extremely large 
dipole moments. In accordance with the present invention, 
these transitions are used to generate picoseconds pulses of 30 
mid-infrared light. In particular, Kerr-lens mode-locking of 
a QC laser is achieved, resulting from the index no n linearity 
of the intersubband lasing transitions. The intracavity aper- 
ture required to convert the self-focusing mechanism into a 
loss modulation is provided by the QC laser waveguide 35 
under the conditions defined above, namely, the use of a 
relatively thin dielectric overlaid by a strongly absorbing 
(i.e., highly optically lossy) material, and a long waveguide 
region. Possible applications of such a QC sclf-modc- 
locking laser include time-resolved spectroscopy in the 40 
mid-infrared wavelength range, where a large variety of 
chemical and biological species have their tell-tale absorp- 
tion features associated with molecular vibrations. The SML 
QC lasers of the present invention are also suitable for use 
in high-speed free-space communication systems, given the 45 
low atmospheric losses of mid-infrared light. 

FIG. 4 illustrates both the refractive index profile and 
resulting intensity distribution in the transverse direction of 
the fundamental mode of an exemplary QC laser as depicted 
in FIGS. 1 and 2. As mentioned above, self-focusing does 50 
not occur in the transverse direction, since the mode is 
primarily confined by the cladding layers surrounding the 
active material (i.e., the regions of highest index in FIG. 4), 
where no such strong nonlinearily exists. FIG. 5 illustrates 
the refractive index profile and resulting intensity distribu- 55 
tion along the lateral direction of the same device (i.e., 
parallel to the active layer). Self-focusing occurs in the 
lateral direction as a result of the strong index nonlincarity 
of the active region, as shown. That is, as the intensity 
increases (noted as going from the dashed curve to the 60 
continuous curve) the index near the center of the waveguide 
increases (noted by the letter "C" in FIG. 5), and the beam 
is correspondingly more tightly confined. In the lateral 
direction, the waveguiding results mainly from the differ- 
ence between the effective index of the semiconductor stack 65 
(i.e., the combination of regions 12,14 and 16) and the 
complex index of the overlying dielectric and optically lossy 
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layers. The semiconductor stack has a large contribution 
from the gain medium itself (active region 14), and is 
therefore highly nonlinear. Consequently, as shown in FIG. 
5, an increase in optical power leads to a focusing of the 
laser beam via the Kerr effect. The increase in optical power 
then causes a larger overlap with the gain region, and a 
reduced overlap with the lossy external absorbing (e.g., 
metal) layers, thereby producing the saturable loss mecha- 
nism required for self-mode locking. . 

As mentioned above, in order to obtain self-mode locking 
in QC lasers of the present invention, this nonlinear contri- 
bution needs to be the primary portion of the overall cavity 
losses in the QC device. Accordingly, the use of a relatively 
thin dielectric (i.e., <0.5 //m) between the semiconductor 
material and the metal sidewall layers ensures that there will 
be sufficient mode coupling to the metal. Gold is one 
exemplary metal that may be used for this purpose. In order 
to allow for such losses to dominate over mirror losses, a 
relatively long cavity (e.g., L >3.5 mm) is also a necessity. 

Experimental evidence of self-mode- locking in a QC laser 
formed in accordance with the present invention is illus- 
trated in the measurements illustrated in FIGS. 6 and 7. In 
particular, several QC lasers were made to study their SML 
capabilities, emitting at either 5 or 8 /tm (chosen only as 
representatives of the two atmospheric windows, and should 
be considered as exemplary only), lliese devices consisted 
of a relatively large number (25-30) of radiative transition 
regions forming active region 14, stacked in series in a 
cascade configuration. The laser material was grown by 
molecular beam epitaxy in the InGaAs/AlInAs material 
system and lattice matched to low-doped InP substrates. The 
laser material was then processed by wet chemical etching 
into the ridge waveguide structure as discussed above. The 
individual lasers were then wire bonded, soldered to a 
copper heat sink, and mounted on a temperature-controlled 
cold finger of a helium flow cryostat. The light output from 
these devices was detected with a fast (12 GHz nominal 
bandwidth), quantum well infrared photodetector (QWIP), 
mounted inside a liquid-nitrogen dewar. Optical spectral 
measurements were performed with a Fourier transform 
infrared spectrometer (FTIR). 

For each laser tested, there was a range of dc bias in which 
the laser emitted in an extremely broad (>1 THz) multimode 
spectrum, characterized by a smooth multi-peaked envelope; 
outside of this range, the device reverts to single-mode cw 
emission. A series of these spectra is shown in FIG. 6, for an 
8 //m QC laser held at a heal sink temperature of 80° K. The 
phase-locked nature of these multimode spectra was verified 
by detecting the laser output with a QWIP, and displaying 
the resulting photocurrent in a spectrum analyzer. In 
particular, a broad structure centered at the laser roundtrip 
frequency (approximately 13 GHz for one particular device) 
was observed, as shown in the inset of FIG. 6. This feature, 
resulting from the mutual beating of adjacent modes in the 
optical spectrum, was found to be extremely stable, indicat- 
ing negligible random drift of the modes relative phases, as 
expected in a mode-locked laser. Its large spectral width 
(over 150 MHz) is due to the variation of the index, and 
hence of the modes separation frequency, over the optical 
bandwidth. A similar feature can also be observed in the rf 
spectrum of the QC laser current, measured through a 
high-speed bias "tee",indicating effective modulation of the 
laser gain. 

These results clearly demonstrate that the lasing modes 
are indeed locked in phase to one another. However, the 
measurements as recorded and depicled in FIG. 6 do not 
give any indication as to whether the modes amplitudes are 
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such that their coherent addition results in picosecond 
pulses. An examination of the linear autocorrelation traces 
of the laser output, generated by the Michelson interferom- 
eter in the FTIR and shown in FIG. 7, confirms the presence 
of the desired picosecond pulses. The results arc shown for 
both an 8 //m device (FIG. 7A) and a 5 //m device (FIG. 7B). 
When the light beam in the interferometer consists of 
ultrashort pulses, the interference fringes making up these 
traces can only occur when the pulses from the two arms of 
the interferometer temporally overlap on the detector. 
Therefore, the negligible amplitude of the fringes obsen'ed 
in FIGS. 7 A and B for large delay times between the two 
arms indicates pulsed emission with a good modulation 
depth. It is to be noted, however, thai these traces cannot 
provide an accurate measurement of the duration of the 
pulses since they are affected by their phase as well as 
amplitude. 

The pulse width can, however, be estimated from the 
multi-peaked structures observed in the optical spectra 
(directly related to the side lobes in the autocorrelation 
traces of FIG. 7), using a procedure first outlined in an article 
entitled "Optical Pulsewidth Measurement Using Self-Phase 
Modulation",by C. H. Lin et al., appearing in IEEE J. of 
Quantum Electronics, Vol. 8, 1972, beginning at page 429. 
In the context of ultrafast laser pulses, these multi-peaked 
structures are a signature of self-phase modulation, which 
can be described as the temporal analog of self -focusing. 
That is, in the presence of a quadratic index nonlinearity, the 
optical field develops a time-varying phase proportional to 
the pulse intensity profile. Correspondingly, the optical 
spectrum broadens to: 



where Aoo„ JttV is the root-mean square spectral width, x p is the 
full-width at half-maximum (FWHM) pulse width, and a 
Gaussian pulse shape is presumed. Finally, § max is the 
maximum nonlinear phase shift, given by 



where L is the propagation length (in this case, the laser 
roundtrip path), >. is the wavelength, n 2 is the nonlinear 
index, and \ max is the pulse peak intensity. Furthermore, 
theoretical studies indicate that a first dip appears in the 
optical spectrum when § max reaches the value 3/2 Jt; and 
further dips are predicted to occur at higher values § max . 

Referring to the spectra in FIG. 6, a pronounced dip is 
observed, starting approximately at the bias of 0.6 A. Thus, 
using equation (1) with (p„ lfIV =3/2 k, and with A<t>, 7 , LV equal to 
the measured rms width of the spectrum at 0.6 A (250 GHz), 
an estimate for the pulse duration is x =3.2 psec. It is to be 
noted that this is an approximate result, primarily since it 
does not account for group-velocity dispersion; however, 
this effect is likely to be important, especially at the larger 
values of dc bias, due to the concomitant spectral broaden- 
ing. 

With respect to the output power of the self-mode-locking 
lasers, a slow pyroelectric detector can be used to measure 
the L-I characteristics of an SML QC device (i.e., average 
optical power versus bias current). The transition from cw to 
SML operation can be seen in the curves of FIG. 8, in the 
form of a sudden increase in the slope efficiency dL/dl. 
Furthermore, from the measured average power, the peak 
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power of the pulses can be estimated, given the knowledge 
of their width and repetition rate. In general, the peak 
encompasses values ranging from a few hundreds of milli- 
watts to well over a watt, depending on the operating 
5 conditions. 

For definite evidence regarding the origin of the self- 
mode-locking phenomenon, the far-field beam profile can be 
measured and compared under both cw vs. SML operation. 
In one instance, such a measurement was taken using a QC 

3Q laser in which SML was found to be non self-starting. This 
particular device exhibited single-mode cw emission at 8//m 
when biased with a dc current. Mode-locking was achieved 
by superimposing an rf modulation on the dc bias thai was 
resonant with its roundtrip frequency (as in active mode 
locking). However, the laser then remained in the mode- 

35 locked state, even after the modulation was switched off. 
This device was particularly well-suited for this measure- 
ment since it allowed for the comparison of two cases (i.e., 
cw and self-starting) under the same conditions of bias, 
temperature, etc. It was found that the far-field beam profile 

20 under SML conditions was broader than in cw, correspond- 
ing to a narrower beam inside the waveguide. Therefore, at 
the higher instantaneous power levels inherent to pulsed 
emission, the beam does undergo self-focusing inside the 
laser. The ratio in beam diameter between the cw and SML 

25 cases was found to increase with dc bias (and hence, optical 
power), and it was measured to be as large as 1.33. 

Regarding the physical origin of the observed index 
nonlinearity, it can be shown that given the relatively low 
power levels of these mode-locked pulses (on the order of 

30 several hundreds of milliwatts), a nonlinear index n 2 as large 
as 10~ 9 cm 2 AV is required in equation (2) to produce the 
observed nonlinear phase shift of ty max =3/2 x. In 
comparison, this is a seven orders of magnitude larger than 
the nonlinear index responsible for Kerr-lens mode-locking 

35 in Ti:sapphire lasers. Consequently, nonresonant processes 
such as two-photon absorption, electronic Raman scattering, 
and optical Stark effect, which have been observed to 
produce a Kerr nonlinearity in semiconductors, can all be 
ruled out as sources, since their resulting nonlinearities are 

40 too weak (n 2 ~10~ 12 crrr/W, or smaller). 

As for the nonlinear index of the laser intersubband 
transition, it can be calculated from the following expression 
that is based on a two-level approximation: 

45 _qhl 2 M &v\v 0 -v) 1 

ni ~ 2ne 0 h \& v 2 + (V() _ v) 2f 

where Z 32 is the dipole moment of the lasing transition, AN 

50 is the population inversion per unit volume, n is the back- 
ground refractive index, v 0 and Av are the center frequency 
and the FWHM of the gain curve, l sat is the saturation 
intensity, and q, e 0 , and h are the unit charge, vacuum 
permittivity, and Planck's constant, respectively. Using typi- 

55 cal QC-laser parameter values, an exemplary nonlinear 
index is plotted in FIG. 9, as a function of the optical 
frequency v. Referring to FIG. 9, it is shown that n 2 has the 
value of zero at the gain center frequency v 0 , which is a 
general property of the Kramcrs-Kronig transform of a 

60 symmetrical function. However, at frequencies detuned 
from v 0 by as little as 100 GHz, n 2 is already large enough 
(approximately 10" 9 cnrAV) to justify the experimental 
findings. For the purposes of illustration, the right axis of 
FIG. 9 was scaled to display $ max versus v, using equation 

65 (2) with parameter values corresponding to the spectrum of 
FIG. 5 al 600 mA. The phase shift 4>„ )rIX =3/2 Jt, required lo 
explain the spectral shapes of FIG. 6, is reached at a 
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detuning of less than 100 GHz. Furthermore, the relaxation area of said active region to provide mode 
lifetime of this nonlinearity, given by the lifetime of the laser coupling between said optically lossy side- 
population inversion, is a few picoseconds (by design), walls and said active region, said quantum 
which is consistent with the measured pulse widths. cascade laser further comprising a relatively 
It is to be noted that self-focusing requires a positive value 5 i on g active region cavity having a length of at 
of n 2 , whereas the nonlinear index plotted in FIG. 9 changes i east 3 5 mm so as t0 be sufficient for propa- 
sign at v«v 0 . The optical bandwidths observed under con- gation losses t0 be greater tna n mirror losses, 
ditions of SML extend over several hundreds of GHz around 2. A quantum cascade laser as defined in claim 1 wherein 
v 0 so that they sample both signs of n 2 . However, in these the ^ fe self . mode locldng and compris es an insulating 
measurements it was consistently found that the centers of 10 , less than 0 5 micrf)ns {n d ^ 
mass of the optical spectra he at frequencies lower than v 3 A um cascadc ^ ^ dcfincd {n y ^ cin 

where n. is positive. This is, of course, in agreement with the • •,• j 

, ^ r . ri < l- u * , the insulating layer comprises silicon nitride, 

observation of: narrower beam profiles at higher intensities. A ^ 0 J 1 . ■ 1 • * i_ ■ 

™ , , t , r j , 1- - , ,l 4. A quantum cascade laser as denned in claim 1 wherein 

Thus, it can be argued that sell -mode-locking is initiated by , . , . , . ... • . 

modes with frequencies below v 0 through the self-focusing 15 lhe elating layer comprises silicon dioxide, 

mechanism described above. Once these modes are locked 5. Aquantum cascade laser as defined in claim 1 wherein 

in phase, their mutual beating produces a large enough the laser emits an output wavelength in the mid-infrared 

modulation of the laser gain to bring several other modes region. 

above threshold. 6. Aquantum cascade laser as defined in claim 5 wherein 

What is claimed is: 20 the laser emits at a wavelength of approximately 5 //m. 

1. A quantum cascade (QC) laser comprising a multilayer 7. A quantum cascade laser as defined in claim 5 wherein 

optical structure, said structure comprising the laser emits at a wavelength of approximately 8 //m. 

a core region of relatively large effective refractive index 8. A quantum cascade laser as defined in claim 1 wherein 

disposed between top and bottom cladding layers of each pulse output is of a width less than five picoseconds, 

relatively small effective refractive index, the core 25 9. Aquantum cascade laser as defined in claim 1 wherein 

region comprising a multiplicity of nominally identical the optically lossy sidewall layers comprise a metal material 

repeat units, each repeat unit comprising an active and form a continuous layer with a top electrical contact to 

region and a carrier injection region, the active region the upper cladding region. 

having a layer structure selected to provide an upper 10. Aquantam cascade laser as defined in claim 9 wherein 

and a lower carrier energy state, such that a carrier 30 t he metal material comprises gold. 

transition from the upper to the lower energy state 11. Aquantum cascade laser as defined in claim 1 wherein 

results in emission of a photon of wavelength K the the optically lossy sidewall layers are separate from the top 

carrier injection region having a layer structure selected electrical contact 

to facilitate carrier transport from the lower energy n A quantum cascade laser as defined in claim u 

state of the active region of a given repeat unit to the 35 ^ {{ y sidewall la yers comprise metallic 

upper energy state of the active region of an adjacent . 

downstream repeat unit, the top and bottom cladding \* ' A , , i^j-i-fi 

. .. K - / • 1 £ • 1 • 13. A quantum cascade laser as defined in claim 12 

lavers disposed on either side of said core region, 7 ... . * . 

r . , , - , . iji- i 1 -i wherein the sidewall metallic layers comprise the same 

wherein at least said lop cladding layer and said core . , , . , 3 v 

t . „ 4n material as the lop electrical contact, 

re&ion form a mesa structure: , , * , , , r 1 • 1 ^ 

14. A quantum cascade laser as denned m claim 13 

an insulating layer covering exposed surfaces of said wnerein the s]6ew ^ metallic layers and the top eleclric 

cladding layers and said core .region; and • CQntact comprise gold 
electrical contacts attached to the top and bottom cladding 15, a quantum cascade laser as defined in claim 11 
layers for facilitating the flow of electric current 45 wherein the optically lossy sidewall layers comprise poly- 
through the laser mcric substances, 
characterized in that 16. Aquantum cascade laser as defined in claim 1 wherein 
the quantum cascade laser is self-mode-locking, the upper and lower cladding layers comprise a plurality of 
wherein InGaAs/AlInAs epitaxial layers. 

the insulating layer comprises a relatively thin layer 50 17. Aquantum cascade laser as defined in claim 1 wherein 

of less than a micron in depth and the quantum the optically lossy layers are electrically insulating and 

cascade laser further comprises incorporate the insulating layer, 
optically lossy sidewalls disposed to cover said 

relatively thin insulating layer in at least the ***** 
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